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Abstract 
Design, technology and properties of a completely ceramic piezoelectric pressure sensor are described. The sensor is made of the 
LTCC (Low Temperature Co-fired Ceramics) with PZT (Lead Zirconate Titanate) transducer and is designed to withstand 
pressure up to 10 MPa. The device is a sensor and a package simultaneously. It can be directly screw mounted to a flat surface 
with a hole supplying a pressure. Two methods of detection are considered: shift of the resonant frequency for static loads 
detection and charge response for dynamically changing load. Measurements are carried out for maximum 6 MPa pressure. The 
sensor exhibits linear charge response and resonant frequency shift in tested range. 
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1. Introduction 
 
LTCC and thick-film technology are typically used for fabrication of electronic circuits with integrated passives, 
especially for operation under rugged conditions and low loss microwave devices, however they are widely used in 
microsystem technology [1,2]. Various types of sensors are manufactured e.g. pressure sensor [3], force sensor [4]. 
The LTCC is a very attractive material for fabrication of packages for electronic circuits or MEMS made of silicon 
[5]. 
Piezoelectric phenomenon is a widely utilized in sensors applications, for example in force sensors, 
accelerometers, pressure sensors, which are commercially available. Typically piezoelectric transducers are proper 
for dynamically changing quantities, hence there is impossible to measure static signal, because of charge leakage.  
The other method of detection is observation of resonant frequency shift under a load of the transducer [3]. 
Up to now the PZT is a common piezoelectric material, in spite of lead contents.  
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Integration of piezoelectric materials with ceramic structures is a subject of many research activities. Various 
methods of integration are developed and tested. PZT can be applied on a ceramic substrate in a form of paste and 
then sintered at temperature above 800 °C [6]. There is also possible to use a raw piezoelectric tape and co-fire 
directly with the LTCC [7]. There are also known methods of affixing of a bulk piezoceramics to the substrate using 
glue [8] or placing of a bulk PZT plate inside the LTCC in green state and sintering together [9].  
The motivation of the work was to build a fully ceramic piezoelectric pressure sensor, taking full advantages of 
the LTCC with piezoelectric transducer. The aim of the investigation was to prepare the structure which could work 
as a typical charge sensor for detection of dynamically changing pressure as well as resonant transducer able 
to detect static load. In case of the device, application of raw as well as fired PZT material was investigated.  
 
2. Design 
 
The pressure sensor was designed as a fully ceramic device with PZT plate between two LTCC blocks, as 
presented in Fig. 1a. The pressure was supplied to the transducer trough a hole in the one block. Four holes through 
whole structure were made to screw fix the structure to some system utilizing high pressure. Dimensions of the 
sensor’s parts, presented in Fig. 1, should assure mechanical strength for the method of mounting as well as high 
pressure. Assumed pressure of 10 MPa required proper thickness of each part. Maximum stress occurring 
in a planar wall of the package above the chamber could be expressed by formula (1) [10], where σmax – maximum 
stress in the round area; p – applied pressure; r – radius of the area; h – wall thickness. 
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For known allowable stress σ for the ceramic material, maximum pressure could be calculated from (1) after simple 
rearrangement. In case of applied Green Tape 951 (DuPont) LTCC material, σa was equal to 320 MPa [11]. In order 
to obtain required strength of the structure, the minimum thickness of the LTCC plate was equal to 350 μm for 
assumed radius of the area above the pressure chamber. 
Estimated charge sensitivity SQ of the sensor can be expressed by (2), where: Q – charge response under pressure 
load; A – area of the electrode; d33 – piezoelectric charge coefficient.  
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For assumed dimensions of the sensor chamber and d33 = 250 pC/N, the calculated charge sensitivity should 
be equal to 4000 pC/MPa. For possible operation in both charge and resonant modes, proper electrodes on the PZT 
must be prepared. Top and bottom electrodes shape and dimensions have been presented in Fig. 1b. The small part 
of the bottom electrode (Fig. 1b) acted as a feedback for operation in resonant mode. The top electrode (Fig. 1b) 
having contact with measured media, should be connected to ground to avoid additional electrical leakage. 
 
a)  b)  
 
Fig. 1: Design of the sensor – a) pressure inlet side view and cross-section with marked electrodes (not to scale) b) design of the PZT electrodes 
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3. Technology 
 
Manufacturing of the sensor consists of several steps. First, the electrodes were screen printed on the PZT tape 
(based on Pz27, Meggitt, Denmark) using gold paste 5740A (DuPont). Then 5 layers of 50-μm tape were laminated 
in 20 MPa at 70 °C for 10 min. Then the substrates were cut into individual parts using a laser system 
(ProtoLaser U, LPKF, Germany). LTCC parts were prepared in the same way using proper number of layers for 
selected LTCC material, laminated and laser cut into designed blocks. 
Direct integration of the PZT tape with HL2000 (Heraeus) zero-shrinkage LTCC and co-firing of both materials 
were tested previously, and successfully applied for manufacturing of a miniature accelerometer [12]. The approach 
was also tested for the pressure sensor, however it was impossible to prepare a hermetic structure using HL2000 
tape. Unsuccessful co-firing tests were also performed for the other LTCC tapes: CeramTape GC (CeramTec), 
951Green Tape (DuPont), 41020 (ESL) and 41060 (ESL). The last one material had similar shrinkage comparing to 
the PZT tape, nevertheless a delamination also occurred. The problem resulted from the PZT thickness which was 
5 times higher (250 μm) than applied in accelerometer described in [12] (50 μm). Thicker PZT plate was prepared in 
order to limit the frequency of thickness mode resonance, because generally resonant frequency is inversely 
proportional to thickness of the piezoelectric plate. Lower frequency of operation simplifies an amplifier circuit and 
measurements.  
In order to solve the problems with sintering process, PZT and LTCC parts were fired separately and finally 
joined using an overglaze. For the finally manufactured sensors, 6 layers of DuPont 951AX were laminated 
together, cut and fired in standard conditions at 875 °C. The PZT plates were sintered at 1000 °C for 2 hours. Both 
sides of the sintered PZT plate with electrodes have been presented in Fig. 2a and 2b. Before assembling, basic 
properties of the PZT were examined. Then a glaze 9615 (DuPont, USA) was screen printed through a 325M screen 
on all joined surfaces and dried. After alignment, the structure was sintered at 975 °C. During the process, the 
structure was pressed at 0.3 g/mm2. Structure after process has been shown in Fig. 2c. The method assured very 
good leakproofness and strength. Finally the piezoelectric layer was poled at elevated temperature in electric field 
of 3 kV/mm. 
 
a)   b)    c)  
 
Fig. 2:  Sintered PZT plate with top a) and bottom b) electrodes. Finally assembled sensor c) 
 
4. Measurements and results  
 
In order to examine a quality of the PZT material before joining with the LTCC blocks, the transducer plates 
were poled at elevated temperature in electric field of 3 kV/mm. Piezoelectric charge coefficient of the material was 
measured using a d33 meter based on Berlincourt method with 110 Hz sinusoidal excitation with force of 0.25 N. 
The material exhibited good piezoelectric properties with d33 of about 250 ± 20 pC/N and relative permittivity 
of 900 ± 50, measured for 4 samples.   
The devices were screw down to a holder made of steel with a seal made of hard rubber (Fig. 3a). Charge 
response was measured from 0.1 MPa to 6 MPa. Isostatic lamination device was used as a pressure source. Charge 
was integrated using a charge amplifier (421A25, PCB Piezotronics, USA) and an oscilloscope (54622A, Agilent). 
Typical nonlinearity for non–preloaded piezoelectric transducer was noticeable for pressure up to 0.5 MPa (Fig. 3b). 
Measurements in oscillator mode were performed using an amplifier with a sample as a positive feedback and 
a frequency counter. Sensitivity measurements in resonance exhibited nonlinearity in high pressure range (Fig. 3c).  
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a) b) c)  
Fig. 3. Test holder a) as well as results of measurements: charge response b) and  resonant frequency shift c) 
 
5. Summary 
 
The pressure sensor for dynamic and static pressure measurement was successfully designed, manufactured and 
tested. Several tests were performed at technological stage and the method of joining of PZT and LTCC, assuring 
good leakproofness, was developed. The device exhibited good linearity in tested range, especially in charge mode. 
Nonlinearity in charge mode was typical for non-preloaded piezoelectric transducer. Nonlinearity in resonator mode 
probably resulted from damping in high pressure range. Results of charge measurements were 6 times lower than 
predicted value – the charge coefficient d33 decreased after assembling in the LTCC. According to capacitance 
measurement, the PZT permittivity after joining through the glaze was 3 times lower than before. The deterioration 
of the properties was caused by interaction between the PZT and the glaze, especially because of diffusion of the 
PZT components into the glass and the LTCC as well as forming of low permittivity areas at the PZT grains 
boundaries.  
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